A lectin named GFL was isolated from the fruiting body of the basidiomycete mushroom Grifola frondosa, which belongs to Aphyllophorales. The lectin had a molecular mass of 24 kDa on SDS-PAGE. The hemagglutinating activity of GFL was not inhibited by any monosaccharide, and inhibited only by porcine stomach mucin so far as tested. The occurrence of GFL was studied at three stages during fruiting body formation. The largest quantity of hemagglutinating activity was found in the fruiting body, and lesser amounts in the mycelial mat and the primordium. The 24-kDa band of GFL was found at all three stages, and the bandintensity corresponded to the level of activity in each sample. By cloning and sequencing the GFL-cDNA, the primary structure of this lectin was determined. GFL is composed of 181 amino acids, having no signal peptide. The amino acid sequence was found to be homologous to those of so-called jacalin-related plant lectins, suggesting that GFL is the first example of a jacalin-related lectin of fungal origin.
Many lectins have been purified from basidiomycete mushrooms belonging to Agaricales, such as Agaricus campestris, 3) Flammulina velutipes, 4) Xerocomus chrysenteron, 5) Pleurotus cornucopiae, [6] [7] [8] [9] and so on, but few from mushrooms belonging to Aphyllophorales. 10, 11) We have reported that P. cornucopiae synthesizes two types of lectins in a developmental-stage-specific manner. One, named PCL-F, occurs in the fruiting body, and is synthesized after the fruiting body starts to form. 6, 7) The other lectin, named PCL-M, is found only in a solidgrown mycelial aggregate, and appears just prior to fruiting body formation. 8, 9) To know whether the two types of lectins are present in other mushrooms, we investigated an edible mushroom, Grifola frondosa, that belongs to Aphyllophorales. A lectin of this mushroom was first purified from the fruiting body and characterized. Then the occurrence of this lectin at other stages in the formation of the fruiting body was studied. Further, the cDNA of this lectin was cloned and sequenced. The amino acid sequence of GFL showed about 25% homology with those of two plant lectins. 12, 13) These lectins are members of the so-called jacalin-related lectins, suggesting that GFL is also a jacalin-related lectin of fungal origin.
Materials and Methods
Mushroom. The fruiting body, the primordium, and the mycelial mat of Grifola frondosa were products of Yukiguni-Maitake (Niigata, Japan). They were stored at À80 C prior to use.
Purification of the G. frondosa lectin. Starting with 100 g fresh weight of frozen fruit body, approximately 30 ml of an exudate was obtained by thawing and gently squeezing. The exudate was heat-treated at 50 C for 15 min to inactivate the hemolytic substance, and dialyzed against 20 mM Na-phosphate buffer, pH 7.2. The dialyzate was put on a column (1:6 Â 30 cm) of DEAE-Toyopearl (Tosoh). The unadsorbed active fraction was subjected to further purification using a column (1:0 Â 15 cm) of CM-Toyopearl. GFL was eluted with a linear gradient of NaCl (0-0.2 M).
Hemagglutination assay. Titration of lectin activity was done using rabbit red blood cells, as reported previously. 8) For inhibition assays, lectin solutions (titer 8) were incubated with each sugar to be tested. The sugars had been serially diluted with phosphate-buffered saline (8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 137 mM NaCl, and 2.7 mM KCl, pH 7.4). All the monosaccharides and disaccharides tested were purchased from Wako Pure Chemicals (Osaka, Japan). Mucins derived from bovine submaxillary gland and porcine stomach, fetuin, and asialofetuin were obtained from Sigma Chemicals.
Analytical methods. Protein was estimated by the method of Bradford.
14) SDS-PAGE was performed as described previously 8) using 12.5% gel. After each run, protein bands were stained with Coomassie brilliant blue R-250 (Sigma). For reduction or oxidation, GFL (10 mg) dissolved in phosphate-buffered saline was mixed with 20 mmoles of 2-mercaptoethanol (2-MSH) or hydrogen peroxide, and allowed to stand for 30 min at 20 C. The rabbit anti-GFL antiserum was a product of Sawaday Chemical (Tokyo). Immunoblotting was conducted as reported.
8) The N-terminal amino acid sequence was analyzed on a pulsed liquid-phase sequencer (Applied Biosystems, Model 477A/120A).
Cloning and sequencing of full-length cDNA. A cDNA library was prepared from mRNA extracted from the fruiting body of G. frondosa. The primers used for cDNA cloning are indicated in Fig. 6 . Primers N1, N2, MC1, and MC2 were designed based on the partial amino acid sequences of GFL. Using these primers, a clone for the N-terminal part was obtained. Internal primers N3, N4, MC3, MC4, and MC5 were prepared from the sequence of the above clone. Using these primers and the 3 0 -RACE (rapid amplification of cDNA ends) System or 5 0 -RACE System ver. 2.0 (GIBCO BRL), a clone having the C-terimal side or N-terminal side was obtained, respectively. 5 0 -Proximal primers N5 and N6, and 3 0 -epiximal primers R1 and R2 were prepared and used to clone the full-length cDNA of GFL. DNA sequencing was performed on an ABI Prism 3100 Genetic Analyzer (PE-Biosystems, Foster City, CA) using the dideoxynucleotide chain-termination method.
15) The nucleotide and amino acid sequence data for GFL cDNA have been submitted to DDBJ under accession no. AB188240.
Homology search. A homology-based search was carried out using FASTA. Since the prediction of the secondary structure of Heltuba using the method of SSTHREAD 16) was fairly consistent with that reported for the crystal structure of the protein, 17) a prediction of GFL was also made based on the same method.
Results

Isolation and characterization of Grifola frondosa lectin (GFL)
Homogenization of the fruiting body of G. frondosa resulted in the release of a large amount of proteolytic activity and led to inactivation of GFL. Therefore, we obtained an exudate as a starting material by thawing the frozen fruiting bodies and squeezing them gently. GFL was a major component in the exudate (Fig. 1A, lane 1) . The exudate was heat-treated at 50 C for 15 min to inactivate the hemolytic substance and subsequently dialyzed against 20 mM phosphate buffer, pH 7.2. Since GFL was not adsorbed on DEAE, the unadsorbed fraction exhibiting hemagglutinating activity (lane 2) was further purified to homogeneity (lane 3) by elution through a CM-Toyopearl column with an NaCl gradient (Fig. 2) . A summary of the purification of GFL is shown in Table 1 . As shown in Fig. 1B , the purified GFL migrated as a single band with a molecular mass of 24 kDa on SDS-PAGE under the reducing condition (lane 1, band a). In the absence of 2-MSH (lane 2), GFL gave four bands having apparent molecular masses of 23, 26, 40, and 44 kDa for the bands b, c, d, and e, respectively. Under the oxidized condition, GFL again gave a single band with an apparently shifted molecular mass of 26 kDa (lane 3). The complex banding profiles of GFL might be due to the formation of intra-and inter-molecular disulfide bonds, as discussed later.
The stability of GFL against temperature and pH was studied by incubating the lectin under the indicated conditions for 10 min. GFL was stable up to 50 C, but inactivated partially at 60 C and completely at 70 C. It was stable between pH 3 and 9, but inactivated at pH 10.
The carbohydrate-binding specificity of GFL is shown in Table 2 . Hemagglutinating activity was not inhibited by any of the monosaccharides or disaccharides tested, including D-galactose and D-mannose. Porcine stomach mucin was the only glycoprotein that inhibited the activity of GFL. Figure 3 shows the three stages, the mycelial mat (A and D), the primordium (B and E), and the fruiting body (C and F), during fruiting body formation in G. frondosa. To investigate lectin production at each developmental stage, exudates were prepared from these three samples, and the hemagglutinating activities and banding profiles on SDS-PAGE were determined.
Occurrence of GFL during fruiting body formation
As shown in Table 3 , the activity was found in all three samples, but the level was higher in the fruiting body than in the other two samples. SDS-PAGE analysis showed that the band corresponding to GFL (24 kDa) was present in all three samples, but the intensity was stronger in the fruiting body than in the other two samples (Fig. 4A) . As shown in Fig. 4B , the 24-kDa bands in the samples were cross-reactive with anti-GFL-antiserum. A faint band was visible below the Porcine stomach mucin 7.8 mg/ml Bovine submaxilary mucin >1 mg/ml Fetuin >1 mg/ml Asialofetuin >1 mg/ml 24-kDa band, probably due to the presence of some degradation product of GFL. The level of the activity in each sample appeared to correspond with the band intensity, suggesting that the activity is due to the presence of GFL in the three samples.
Cloning and sequencing of GFL-cDNA Unexpectedly, it was found that the purified GFL was cleaved upon storage at 4 C for three months, giving two new bands of approximately 11 and 8 kDa (Fig. 5) . Table 4 shows the N-terminal amino acid sequences of intact GFL and the cleaved fragments. The 8-kDa fragment gave the same sequence as intact GFL, while the 11-kDa fragment gave a new sequence.
Preparing primers based on these amino acid sequences, a clone having partial cDNA of GFL was obtained. By 3 0 -and 5 0 -RACE, a clone bearing the fulllength cDNA of GFL was obtained. The nucleotide and the deduced amino acid sequences of this clone are shown in Fig. 6 . The cDNA is composed of 755 bp, 546 bp of which compose the coding region encoding 181 amino acid residues. The deduced amino acid sequence of the N-terminus corresponded with those of the purified GFL, indicating that GFL has no signal sequence, and the N-terminal Met was not blocked. The N-terminal sequence of the truncated 11-kDa fragment is also included in the deduced sequence (Fig. 6) . No homologous sequence was found in the fungal lectins so far reported.
Sequence similarity between GFL and other lectins Using FASTA, the GFL sequence was found to be homologous with those of two plant lectins (Fig. 7) . A lectin (Heltuba) from the tuber of Jerusalem artichoke (Helianthus tuberosus) 12) showed 26.1% identity over 111 amino acids (nos. 57-167 of GFL/nos. 42-142 of Heltuba), and the third repeat of the mannose/glucosespecific lectin (Parkia-3) from a Leguminosae plant, Parkia platycephala, 13) exhibited 22.8% identity over 123 amino acids (nos. 58-178 of GFL/nos. 336-446 of Parkia-3). These two lectins are members of the socalled jacalin-related lectins. Jacalin and related lectins have a three-fold symmetric -prism fold, consisting of 12 -strands.
17) The amino acid sequence homology between GFL and the two plant lectins is high in the regions corresponding to -4 to -12, but low in the regions corresponding to -1 to -3. Forty-six residues, indicated in Fig. 7 , are highly conserved among jacalinrelated lectins of plant origins. Compared with Heltuba, 37 out of the 46 residues were occupied by the identical amino acid residues in GFL or similar ones. Predictions of secondary structure by the method of SSTHREAD 16) indicate that GFL also contains 12 -strands. The positioning of the -strands agreed fairly well in the regions from -4 to -12, but not from -1 to -3.
Discussion
Since extensive proteolytic activity has been found to exist in the fruiting body of G. frondosa, we did not use a homogenate but the exudate of the mushroom as starting material for the isolation of GFL. Although we 
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obtained an apparently pure preparation of GFL, a trace amount of some peptidase was perhaps present, since cleavage of the purified GFL occurred upon storage. The peptidase might have high substrate specificity since the cleavage occurred at the single peptide bond of 82 Asp-83 Thr. Since this peptide bond exists at only one position in GFL, it was cleaved at a single position to yield two peptides. Supposing that GFL has a similar tertiary structure to that of Heltuba, the -prism fold, 17) the cleavage site exists on the loop between -strands 5 and 6, where the enzyme can be freely accessible.
In the presence of 2-MSH, GFL gave a single band of 24 kDa (band a in Fig. 1B, lane 1) on SDS-PAGE. However, the banding profile of GFL in the absence of 2-MSH was highly complex (Fig. 1B, lane 2) . Since GFL contains two Cys residues in a subunit, we assumed that two SH groups formed intra-and inter-molecular disulfide bridges depending on conditions. We performed SDS-PAGE of GFL under the oxidized condition, and found that band f in Fig. 1B , lane 3 might be a single GFL peptide with an intra-molecular S-S bridge, giving an apparent molecular mass of 26 kDa. Since the mobility of a molecule in the gel having a disulfide bridge is slower than that of a reduced, elongated molecule, the banding profiles in Fig. 1B , lane 2 can be explained as follows: Band b might be a single peptide of GFL with two free SH groups. Band c might be a single peptide with an intra-molecular S-S bridge. Band d might be two GFL peptides connected by a single inter-molecular S-S bridge, the remaining two SH groups being free. Band e might be two GFL peptides connected by two inter-molecular S-S bridges. A similar phenomenon was observed in the study of the Ciborinia camelliae lectin. 18) We have investigated the occurrence of GFL in the mycelial mat, the primordium, and the fruiting body during fruiting body formation in G. frondosa. The results indicate that the amount of hemagglutinating activity in each sample corresponded well with the band intensity of GFL on SDS-PAGE. Consequently, the activity was assumed to be due to the presence of GFL in the three samples. From these results, the presence of stage-specific lectins in G. frondosa as in P. cornucopiae 8) appears unlikely. The purification and properties of a lectin from the fruiting body of G. frondosa have been reported, 11) but the properties were different somehow from those described in this paper.
Although lectins have been widely found in mushrooms, their physiological functions are little understood. Based on our studies of P. cornucopiae lectins, we have proposed a new classification of lectins on the basis of their function in nature: 7, 19) One class, designated ''foreign lectins'' act against non-self organisms, mainly in self-defense. The other class, designated ''domestic lectins'' work within the organism, in the process of morphogenesis and cell differentiation, for example. GFL can be classified as a foreign lectin, since it is similar to the jacalin-related plant lectins that are thought to be part of the self-defense system. 13, 17) Recently, the jacalin-related plant lectins were subdivided into mannose-specific and galactose-specific subgroups, on the basis of carbohydrate specificity and sequence similarity. 12, 17) However, since GFL has specificity neither to mannose nor to galactose, this lectin falls into a third subgroup. The reason GFL does not show specificity toward mannose might be explained by the substitution of amino acids at the mannosebinding site known in Heltuba (see Fig. 7 ).
Up to now, jacalin-related lectins have been found widely in plants. But GFL is the first example of one of fungal origin, indicating the evolutionary importance of GFL. Another fungal lectin having evolutionary importance is that obtained from Coprinus cinereus. Although galectin has been thought to compose a large group of animal lectins, the lectin of this organism was found to be a galectin of fungal origin. 14) -strands in Heltuba are shown by thick arrows below the sequence. The thin arrows above the GFL sequence indicate the predicted -strands in GFL.
